Talking through walls: Signaling in plant development  by Dangl, Jeffery L. et al.
Cell, Vol. 83, 1071-1077, December 29, 1995, Copyright 0 1995 by Cell Press 
Talking through Walls: 
Signaling in Plant Development 
Meeting Review 
Jeffery L. Dangl,” Daphne Preuss,t 
and Julian I. Schroeder* 
*Department of Biology 
University of North Carolina 
Chapel Hill, North Carolina 27599 
TDepartment of Molecular Genetics and Cell Biology 
University of Chicago 
Chicago, Illinois 60637 
*Department of Biology 
University of California, San Diego 
La Jolla, California 92093 
Plants spend their entire life cycles rooted in one place. 
Thus, plant development, like the real estate business, is 
largely driven by location, location, location. A seedling 
emerges, perceives the hormonal and light signals that 
control its vegetative and reproductive development, finds 
and utilizes soil bound nutrient sources, and fends off hos- 
tilities wrought upon it by changing abiotic conditions and 
by pathogens. The mechanisms by which plant cells re- 
ceive physiological stimuli and transduce these into the 
cell are the central focus in many areas of plant biology. 
Laboratories are homing in on molecular mechanisms in- 
volved in hormone signaling, light reception, disease resi- 
tance, and nitrogen fixation. A Cold Spring Harbor Sympo- 
sium called Signaling in Plant Development, which met 
from September 27 to October 1, 1995, in Cold Spring 
Harbor, New York, was organized by Venkatasen Sundar- 
esan (Cold Spring Harbor Laboratory, Cold Spring Harbor, 
New York), June Nasrallah (Cornell University, Ithaca, New 
York), and Nam-Hai Chua (Rockefeller University, New 
York) to detail these advances. Several surprising strate- 
gies in control of signal transduction highlight what contin- 
ues to be an exciting time in plant biology research. 
Cell-Cell Recognition: Pollination, Fertilization, 
and Embryo Development 
Plant reproduction provides an excellent opportunity for 
analysis of signaling among gametes, haploid gameto- 
phytes, and diploid sporophytes. The female sporophyte 
cells are of particular interest, as they inhibit pollen not 
suited for fertilization (Figure 1A). In self-incompatible 
Brassica species, this discrimination requires at least two 
stigma gene products, SRK and SLG (Nasrallah et al., 
1994). SLG is a cell wall glycoprotein (Figure lB), and 
fractionation experiments have now shown that SRK is an 
integral plasma membrane protein (Joshua Stein and June 
Nasrallah, Cornell University). SRK has an extracellular 
domain nearly identical to SLG and an intracellular serine/ 
threonine kinase domain. These studies suggest SLG and 
SRK might form a receptor kinase complex that recog- 
nizes a putative pollen-borne ligand. Analysis of pollen- 
defective Arabidopsis mutants (Preuss et al., 1993) 
(Daphne Preuss, University of Chicago, Illinois) and bio- 
chemical characterization of Brassica pollen (Doughty et 
al., 1993) indicate that such a ligand might reside in the 
extracellular, hydrophobic pollen coating. 
How does SRK activate a signaling pathway that blocks 
pollination? Clues have come from a yeast two-hybrid 
screen for Brassica stigma proteins that interact with the 
SRK kinase domain (Daphne Goring, York University, To- 
ronto) that identified a gene with significant similarity to 
p-catenins @A/V) and two genes from the thioredoxin H 
family (T/-/L7 and THL2). p-Catenins play a role in cell adhe- 
sion by mediating connections between cadherin and ac- 
tin, and thioredoxins regulate a range of cellular pro- 
cesses. Because none of the clones interacted with a 
mutant form of SRK or with an unrelated Arabidopsis ki- 
nase, the observed interactions are highly significant. 
Pollen passing the checkpoint at the stigma surface 
forms a pollen tube that invades the pistil, enters the ovule 
micropyle, and delivers sperm to the female gametophyte 
(Figure 1C). In Arabidopsis, only one pollen tube ap- 
proaches each micropyle, and new insight into the signals 
that guide these pollen tubes has come from a male-sterile 
mutant (Daphne Preuss, University of Chicago). Pollen 
tubes from the sterile plants grow randomly around the 
ovules, cross the micropyle without entering, and, unlike 
wild type, do not adhere tightly to the ovule surface. These 
results suggest that guidance to the micropyle requires 
two interdependent processes-adhesion of pollen tubes 
to cell surfaces and a response to chemotropic signals 
emanating from the micropyle. 
Pistil gene products, including those present in the 
ovule, also may be required for pollen tube guidance(Huls- 
kamp et al., 1995; Cheung et al., 1995; Wu et al., 1995). 
Enhancer trapping is proving to be a powerful method for 
identifying genes expressed in these female cells (Ueli 
Grossniklaus, Cold Spring Harbor Laboratory). Of more 
than 1000 Arabidopsis lines screened (Springer et al., 
1995; Sundaresan et al., 1995), approximately 13% ex- 
press the fi-glucuronidase reporter in ovules. These 
strains display a range of patterns, including strains with 
expression in the synergids, the egg, the antipodals, or 
the central cell (Figure 1 C). Sporophytic patterns also have 
been observed, and in one line expression is limited to a 
single funiculus cell. In some cases, the insertions result 
in a mutant phenotype, which can provide valuable insight 
into the function of the tagged gene. 
After fertilization, zygote growth and development are 
coordinately regulated with that of the endosperm, the 
seed coat, and the ripening fruit. Some of these processes 
can be uncoupled genetically (Nir Ohad and Bob Fischer, 
University of California, Berkeley). Seeds from the condi- 
tionally male-sterilepop mutant (Preusset al., 1993) were 
mutagenized and screened for restoration of postfertiliza- 
tion development. Mutations in a fertilization-independent 
endosperm (NE) gene caused spontaneous endosperm 
(but not zygote) development in the absence of fertiliza- 
tion. This phenotype was observed only in female gameto- 
phytes that carry the fie allele. Fertilizing these gameto- 
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B C Figure 1. Fertilization 
(A) Pollen lands on the surface of the stigma, 
and, if favorable interactions occur, it extends 
a pollen tube that migrates through the style 
to the ovary. 
(6) In Brassica species, self-incompatible pol- 
len is rejected at the stigma surface through 
the action of two molecules, SLG and SRK (Na- 
srallah et al., 1994). 
(C) Pollen tubes approach the female gameto- 
phyte through the micropyle of the ovule. One 
sperm fuses with the egg and a second with 
the central cell (forming the endosperm), and 
other female gametophyte cells (synergids and 
antipodals) degenerate. 
phytes results in early embryo abortion, suggesting that 
f/E function is essential for female fertility. 
Establishing Cell Identity: Signaling between 
Cells in the Meristem 
The shoot apical meristem gives rise to leaves and shoots 
and retains a pool of indeterminate cells. Evidence from 
maize and Arabidopsis points to a central role for homeo- 
domain proteins and receptor kinase molecules in main- 
taining meristem cell identity. Gain-of-function mutations 
in the maize homeoboxgeneknorfedl (knl), causeectopic 
KNI expression near the veins in leaves, as well as aber- 
rant growth of leaf tissue (David Jackson and Sarah Hake, 
University of California, Berkeley). Wild-type KNI is ex- 
pressed at high levels in meristem cells, suggesting that 
it is required for maintenance of indeterminacy (Smith et 
al., 1992). In complementary studies, loss-of-function mu- 
tations in the Arabidopsis STM7 gene eliminate the shoot 
apical meristem (Kathryn Barton, University of Wisconsin, 
Madison). STM7 shows striking sequence similarity to 
KN7, and its expression is limited to the meristematic 
region. 
What factors define the domain of STM7 and KN7 ex- 
pression? While other genes (such as TFL or PNH in Arabi- 
dopsis) are involved, an additional prospect comes from 
the potential for these homeodomain proteins to migrate 
from cell to cell through plasmodesmata. In wild-type cells, 
KN7 mRNA is expressed in the L2 layer of the meristem, 
but KNl protein is present in both Ll and L2 layers. Now, 
direct demonstration of KNl intercellular transport has 
come from injection of tobacco mesophyll cells (David 
Jackson and Sarah Hake, University of California, Berke- 
ley, and Bill Lucas, University of California, Davis). While 
large fluorescein isothiocyanate (FITC)-labeled dextrans 
do not move among cells, FITC-labeled KNl moves 
readily. Surprisingly, the presence of KNl protein also fa- 
cilitates transport of KN7 sense, but not antisense, mRNA 
and of dextran molecules as large as 20 kDa. A transport- 
deficient kn7 mutant has been identified, and additional 
genetic and biochemical analyses will provide clues to this 
fascinating form of cell signaling. 
The three Arabidopsis CLV genes promote differentia- 
tion and maintain cell number in the floral meristem and 
may provide clues as to how a meristem balances the 
demands of continued proliferation and differentiation 
(Steve Clark, University of Michigan, Ann Arbor, and Elliot 
Meyerowitz, California Institute of Technology, Pasa- 
dena). CLVmutants have a lOOO-fold excess of undifferen- 
tiated meristem cells that are apparent even in the embryo. 
The CLV7 expression pattern-high in shoot meristems, 
present in floral meristems, and diminishing as floral or- 
gans appear-is consistent with a genetic role for CLV7 in 
integrating proliferative and differentiative signals. Double 
mutant analysis indicates that an interaction between the 
STMl and CLVl proteins balances CLV-dependent differ- 
entiation with inhibition of differentiation by STM7. CLV7 
putatively encdes a receptor serinelthreonine kinase fea- 
turing 21 extracellular leucine-rich repeats (LRRs)-a 
structure analogous to the recently cloned rice Xa27 dis- 
ease resistance gene (Wen-Yuan Song and Pamela Ron- 
ald, University of California, Davis; see below). How LRR 
domains in plants integrate vastly different signals-inter- 
nally derived for meristem identity and pathogen derived 
for disease resistance-remains one of the key questions 
in plant signal transduction. It will be very interesting to 
ascertain whether the signals that promote differentiation 
and inhibit proliferation rely on cell-cell contacts and 
whether either CLV2 or CLV3 encode a potential LRR- 
binding ligand signal molecule. 
The maize CRlNKLY4 gene encodes a different receptor 
kinase controlling proliferation of aleurone and leaf epider- 
mal cells(Phil Becraft and Don McCarty, University of Flor- 
ida, Gainesville). The putative extracellular domain con- 
tains a novel 37 amino acid domain, repeated seven times, 
and a 26 amino acid region with 14 identities to the second 
cysteine-rich repeat of the tumor necrosis factor receptor 
(TNFR). This motif in TNFR contains nearly all of the resi- 
dues known to contact TNF, suggesting that the ligand 
for the maize protein may be a peptide. 
Responding to the Neighborhood I: Control 
of Light-Regulated Development 
Plants perceive light through photoreceptors and trans- 
duce these signals to effect developmental changes 
through altered gene expression (Figure 2). Responses to 
light are readily observed in young seedlings, and genetic 
screens based on these responses have identified regula- 
tory mutations in the COP, DET, and HY genes. 
The localization of the COP1 protein changes from nu- 
clear (dark) to cytoplasmic (light), and cop7 mutants con- 
stitutively undergo the developmental program of light 
grown seedlings (Xing-Wang Deng, Yale University, New 
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Figure 2. Light as a Developmental Trigger 
Plants perceive light through different wave- 
length-specific photoreceptors and transduce 
those signals to effect developmental changes. 
A central regulator in this process could be a 
multimeric complex that contains products of 
the COP, DET, and FUS genes. Screens for 
genes upstream of this central processor have 
identified potential components of the signal 
transduction pathway, including fHY7 and 
fHY3 (Steve Barnes and Nam-Hai Chua, 
Rockefeller University). 
Haven, Connecticut). Proteins that bind to labeled COP1 
protein (which contains a coiled-coil domain and a G3- 
homologous domain with WD-40 repeats) were identified 
by probing an expression library (Mimami Matsui, RIKEN, 
Saitama, Japan, and Xing-Wang Deng, Yale University). 
One (CIP7) is a transcriptional activator with low mRNA 
levels in the light, but high levels in the dark. In a comple- 
mentary study, a suppressor screen identified potentially 
interacting proteins (Lay-Hong Ang and Xing-Wang Deng, 
Yale University). One suppressor encodes Hki-a gene 
required for restriction of dark development in light-grown 
seedlings (Ang and Deng, 1994)-and another (SOP 7) has 
a phytochrome phenotype yet complements all known 
phytochrome mutations. 
Jianming Li (from the Joanne Chory lab, Salk Institute, 
La Jolla, California) reported the cloning of the Arabidopsis 
DE T2 gene, which by genetic analysis appears to play a 
role in phytochrome signal transduction. The DET2 gene 
encodes a protein with 42% identity to the human steroid 
5a reductases. Li proposed that DET2 encodes an enzyme 
in the brassinosteroid biosynthetic pathway. det2 mutants 
are small, have delayed senescence, are late flowering, 
and show aberrant expression of light-regulated genes. 
The cloning of DET2 suggests that brassinosteroids may 
be involved in regulating these processes. 
Mutations that result in cop or det phenotypes may not 
affect onlythe phototransduction pathway(Raphael Mayer 
from the Nam-Hai Chua lab, Rockefeller University). For 
example, plant defense response genes (PR genes) are 
constitutively expressed in detl, copl, and cops, and the 
alcohol dehydrogenase and albumin 2s storage protein 
genes are activated in vegetative tissues of cop7 and 
cop9, respectively. 
A premier example of a novel signaling component is 
the Arabidopsis HY4 gene, which is required for blue light- 
induced inhibition of hypocotyl elongation. The HY4-en- 
coded protein, CRYl, contains an N-terminal chromo- 
phore-binding domain with homology to DNA photolyases 
and a 200 amino acid C-terminal extension with homology 
to rat smooth muscle tropomyosin. In new studies, Marga- 
ret Ahmad (from the Aanthony Cashmore lab, University 
of Pennsylvania, Philadelphia) reported that CRY1 has no 
detectable DNA photolyase activity, but binds flavin (Lin 
et al., 1995) as classically predicted for blue light photore- 
ceptors in plants. A second chromophore, pterin, also 
binds to CRYl, and mutants that fail to bind pterin show 
reduced blue light absorption in vitro paralleled by weak- 
ened blue light responses in vivo, providing strong evi- 
dence that CRY1 functions as a bonafide blue light recep- 
tor. Mutations in the C-terminal tropomyosin domain also 
affect blue light signaling, yet the mechanism of transduc- 
tion by CRY1 remains unknown. Analysis of phytochrome 
deficient mutants shows that CRY1 has a functional re- 
quirement for low levels of the phytochrome receptors 
PHYA and PHYB (Figure 2), leading to an intriguing model 
in which CRY1 functions via coaction with phytochrome. 
By analyzing phytochrome signaling in plants, initial in- 
sights are possible into a branched signaling pathway in 
plants with a Ca’+-dependent arm and a cGMP-dependent, 
CaZ+-independent arm (Bowler et al., 1994). Simon Barnes 
(from the Nam-Hai Chua lab, Rockefeller University) re- 
ported on a putative further branchpoint in the cGMP- 
dependent pathway, identified using the Fhyl mutant of 
Arabidopsis, in which only a subset of cGMP-induced 
genes are blocked. 
Responding to the Neighborhood II: The 
Initiation of Flowering 
To ensure successful reproduction, the initiation of flow- 
ering is controlled by a variety of internal and environmen- 
tal cues. An Arabidopsis gene required for early transition 
to flowering (%A) has been cloned (Caroline Dean, John 
lnnes Centre, Norwich, United Kingdom). fca mutants 
flower late in long days, and even later in short days, but 
this phenotype can be reverted to wild type by an extended 
cold treatment (vernalization). Interestingly, the sequence 
of FCA predicts two RNP motifs, such as those seen in 
the Drosophila Sex-lethal protein (Cline, 1993). Sex-lethal 
binds to mRNA, which leads to alternative splicing of its 
own and downstream transcripts. FCA is also alternatively 
spliced, and the prospects for similar control in Arabi- 
dopsis are appealing. 
Although floral induction typically requires light, Arabi- 
dopsis can flower in complete darkness, as long as the 
apical meristem contacts a glucose-or sucrose-containing 
medium (Julio Salinas, Centro de Investigation y Techno- 
logia-lnstituto National de lnvestigacion y Technologia 
Agraria, Madrid). Under these conditions, wild-type plants 
do not express light-induced genes, and the late-flowering 
phenotype of several mutants is reversed. This raises the 
question of whether darkness or sucrose (or both) induces 
an alternative flowering pathway. 
Floral induction often requires a switch from indetermi- 
nate to determinant growth, and several mutants defective 
in this developmental program have been identified (e.g., 
LFYandAP7; Weigel and Meyerowitz, 1993). Recent char- 
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acterization of the maize indeterminate mutant has shown 
it flowers extremely late, if at all, and when flowers do form 
they often undergo reversion to a vegetative state with 
ectopic seedlings emerging from each floret. The INDE- 
TERMINATE protein is similar to zinc finger transcription 
factors, but appears to act non-cell-autonomously possibly 
by mediating the production of a diffusible substance (Joe 
Colasanti and Venkatesan Sundaresan, Cold Spring Har- 
bor Laboratory). Indeterminate shoots that replace flowers 
also have been observed in Antirrhinum floricula (f/o) mu- 
tants (Des Bradley, John lnnes Centre; Coen et al., 1990). 
FL0 expression is restricted to floral meristems in wild 
type, but in centroradialis (ten) mutants, ectopic FL0 ex- 
pression in shoot apical meristems leads to a terminal 
flower. Preliminary data suggest that FL0 acts both up- 
stream and downstream of CEN. 
Getting Established I: Hormones 
in Signal Transduction 
Plant transduction systems do not follow particular para- 
digms of signaling cascades described in nonplant sys- 
tems, but contain many unique components and unex- 
pected connections among signaling components. Direct 
genetic, biophysical, and biochemical analyses of plant 
systems are providing new insights into these unique early 
signaling cascades. Cloning of the Arabidopsis RCN7 
gene, which affects seedling responses to the auxin trans- 
port inhibitor naphphylphphalmic acid was reported by (Al- 
ison DeLong, Christina Garbers, and Dieter Soll, Yale Uni- 
versity). RCN7 encodes a subunit of protein phosphatase 
2A (PP2A-A), implicating PP2A in the regulation of polar 
auxin transport. Early gibberellic acid (GA) signal trans- 
duction is putatively disrupted by a number of mutants. 
Semidominant GA-insensitive mutants at the GA/ locus 
show a typical dwarfed phenotype. Pierre Carol (from the 
Nick Harberd lab, John lnnes Centre) presented the clon- 
ing of the GA/ that encodes a 2 kb cDNA with no homology 
to known proteins. 
The dominant abscisic acid (ABA)-insensitive mutant 
abil affects many physiological ABA responses. The AR7 
gene was cloned and encodes a putative serinelthreonine 
protein phosphatase (PP2C) with an N-terminal domain 
containing a consensus sequence for a single EF hand 
calcium-binding site (Leung et al., 1994; Meyer et al., 
1994). Jerome Giraudat (Centre National de la Recherche 
Scientifique, Gif-sur-Yvette, France) reported that in vitro 
enzymatic assays and partial functional complementation 
of a yeast PP2C mutant indicate that ABll functions as 
a Ca2+-independent protein phosphatase. As expected for 
PP2C, the enzymatic activity is Mg” dependent. The func- 
tion of A7377 was further characterized by expressing the 
dominant mutant abil-7 allele. Transgenic tobacco plants 
carrying the abil-7 gene displayed characteristics reminis- 
cent of the Arabidopsis abil-7 phenotype, including re- 
duced seed dormancy and wilty leaves (Armstrong et al., 
1995). Wiltiness in abil results from the inability of stomata 
to close. Collaborative voltage clamp studies with Mike 
Blatt (Wye College, Wye, United Kingdom) of control non- 
transformed tobacco guard cells showed an ABA-induced 
average P-fold enhancement in K+ efflux channel currents 
and an 60% reduction in inward K’ currents. These ABA 
responses were abolished in the abil-l-expressing to- 
bacco. 
Slow anion channels in stomata1 guard cells are acti- 
vated by phosphorylation-dependent events and com- 
pletely inactivated by dephosphorylation events, and it has 
been suggested that these channels may be regulated 
by ABA singnaling, but without clear evidence that ABA 
regulates slow anion channels (Schmidt et al., 1995). Ju- 
lian Schroeder (University of California, San Diego, La 
Jolla) presented a strong (>lO-fold) and reversible en- 
hancement of slow anion channel activity by ABA, which 
could be the mechanism by which ABA controls stomata1 
closing. 
Getting Established II: Primary Signal Reception 
Stimulation of plant cells by light, hormones, pathogen- 
derived elicitors, and other signals can cause membrane 
depolarizations within lo-30 s. Elicitor binding to parsley 
cells stimulates early Ca ‘+ influx and anion efflux that 
would cause depolarization (Nurnberger et al., 1994). 
Dierk Scheel (Institut fur Pflanzenbiochemie, Halle Saale, 
Federal Republic of Germany) showed that ion channel 
blockers inhibited these fluxes and also prevented the acti- 
vation of all downstream defense responses, including the 
oxidative burst and defense gene transcription. Inhibition 
of the oxidative burst by diphenylene iodonium prevented 
defense gene activation but not elicitor-induced ion fluxes. 
These results were summarized in an initial sequential 
model in which activation of ion channels is followed by 
stimulation of the oxidative burst and by gene activation 
(Figure 3). Scheel also reported collaborative patch- 
clamp experiments with Sabine Zimmermann and Jean 
Guern (Centre National de la Recherche Scientifique) 
showing that the earliest detected response to elicitor was 
the activation of nonselective Ca2+-permeable cation chan- 
nels, reminiscent of the most rapid ABA response resolved 
in guard cells. These nonselective Ca”+-permeable chan- 
nels are not directly activated by the elicitor but by un- 
known cellular second messengers. 
Dale Sanders (University of York, United Kingdom) de- 
scribed rapid phytochrome-induced depolarization in Phy- 
scomitrella patens, which includes activation of a plasma 
membrane Ca*+ current. Wide distribution and colocaliza- 
tion of at least four different Ca’+ channels in plant vacu- 
oles might generate a wide array of spatiotemporal Ca’+ 
changes (Allen et al., 1995). A premier example of spatio- 
temporal Ca2+ changes was presented by Sharon Long 
and David Ehrhardt(Stanford University, Stanford, Califor- 
nia). Lipochitooligosaccharide Nod factors active on al- 
falfa cause Ca*+ oscillations in root hairs with a regular 1 
min period. Ca”’ oscillations commenced after a delay of 
6-12 min of Nod factor application. Imaging of free Ca2+ 
in root hairs (using ratiometric dextran-linked dyes) shows 
that these Ca*’ pulses emanate from the nuclear region 
and travel in propagating waves through the root hair. This 
differs from the Ca2+ gradients that control polarization of 
tip growing cells described by several groups. 
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Figure 3. Generalized Events Following Plant Cell Recognition of 
Pathogen or Pathogen-Derived Elicitor Molecules 
Triggering of disease resistance (R) gene products or the so-called 
nonhost defense machinery is accompanied by ion flux and generation 
of active oxygen radicals that can lead to transcrlptlonal activation of 
defense genes required for resistance and genes involved in oxygen 
radical detoxification 
Among the earliest plant genes whose transcription is 
induced by Nod factor is ENOD40, encoding an mRNA of 
roughly 700 bp with no apparent protein coding capacity. 
Henk Franssen (from the Tom Bisseling lab, Agricultural 
University, Wageningen, The Netherlands) identified two 
short conserved sequences in the ENOD40 mRNA from 
various legumes and tobacco. Transient expression of de- 
rivatives of ENOD40 demonstrated that both regions can 
independently trigger protoplast division in normally inhibi- 
tory auxin concentrations. These results suggest that 
ENOD40 may encode a regulator of cell division whose 
misexpression upon Rhizobium infection begins the pro- 
cess of root cortical cell division culminating in nodule 
formation. Its presence in species that do not form nodules 
(like tobacco) suggests a role in normal cell division and 
potentially will emerge as another illustration of the flexible 
responses of certain plant genes to both developmental 
and environmental cues. 
Changes in the Neighborhood 
Signaling events mediate interactions with a plant’s envi- 
ronment, often altering normal development. Joel Kreps 
(from the Anne Simon lab, University of Massachusettes, 
Amherst) discussed a class of single-stranded RNA- 
binding proteins that are regulated both by the circadian 
clock and cold stress. Although constitutively expressed, 
they have a different cycling time than that of chlorophyll 
a/b protein (CAB, a classic circadian controlled plant 
gene). Despite differences in rhythm, mutations that 
shorten the circadian periodicity of CAB gene expression 
(Millar et al., 1995) also shorten the periodicity of expres- 
sion of the RNA-binding proteins. Thus, loci controlling 
circadian clock periodicity can influence expression of two 
distinct classes of response to the clock. 
Wind also alters plant development, and isolation of 
“touch-induced” genes refocused attention on response 
to mechanical stress(thigmomorphogenesis). Paul Camp- 
bell (from the Janet Braam lab, Rice University, Houston, 
Texas) reviewed five TCH genes, whose transcription is 
induced within 30 min of a stimulus. Interestingly, TCH4 
encodes a xyloglucan endotransglycosylase, possibly in- 
volved in modifying cross-links among cellulose microfi- 
brils, which may contribute to cell wall strengthening in 
response to stress. Promoter-reporter fusions delineate 
expression domains in areas of rapid cell expansion, 
prompting the question of why this gene was isolated as 
responsive to stresses that stunt plant cell growth. Camp- 
bell discussed a model in which rapid incorporation and 
rearrangement of xyloglucan fibers in response to thigmo- 
morphogenic stress could mirror the process of cell wall 
strengthening during normal cell expansion. 
Nutrient uptake is a critical component of plant growth 
and development. Francisco Rubio (University of Califor- 
nia, San Diego) reported that the wheat root high affinity 
K’ uptake transporter HKT7 catalyzes K’nutrition viacoup- 
take of Na’, which revises the dogma that higher plants 
do not use Na+ forcotransport. Na’uptake is toxic to plants 
grown in salt-laden soils. Rubio reported the isolation of 
mutants in the sixth predicted membrane domain of HKT7 
that greatly reduce toxic effects of Na’ on the transporter 
(Rubio et al., 1995). This could allow analysis of the contri- 
bution of HKTl to salt stress. 
These results again highlight the notion that many plant 
cell biology processes must respond to both internal devel- 
opmental cues and to external stress and that genes in- 
volved in these processes maintain flexible modes of ex- 
pression to integrate these cues. 
Signal Challenges from Non-Self Neighbors 
Our understanding of how plant-microobe interactions are 
controlled has increased dramatically in the last 2 years. 
Steve Hutcheson (University of Maryland, College Park) 
reviewed the requirement in several plant bacterial patho- 
gens for a cluster of genes (called the hrp genes, for hyper- 
sensitivity and pathogenicity) whose products are proba- 
bly involved in secretion of virulence factors. In addition, 
this secretory system is also required for trafficking the 
pathogen signal that trips the plant disease resistance 
mechanism (the avr gene, for avirulence). Hrp proteins 
show similarity to secretory systems of mammalian patho- 
gens (Bonas, 1994; Collmer and Bauer, 1994). Hutcheson 
(with Noel Keen, University of California, Riverside) dem- 
onstrated that signals generated by several avr genes 
(cloned from isolates of Pseudomonas syringae) can be 
reconstituted in Escherichia coli, engineered to express 
a complete hrp cluster. Guido van den Ackerveken (from 
the Ulla Bonas lab, Centre National de la Recherche Sci- 
entifique) discussed combinatorial mutation in three puta- 
tive eukaryotic nuclear localization signals in the avrBs3 
gene from the pepper pathogen Xanthomonas campestris 
pv. vesicatona, which destroys avirulence activity. These 
findings point toward hrp functions as sufficient mediators 
of avrsignal delivery, suggest that the avr-encoded protein 
may be entering the plant cell, and open the way toward 
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identification of the pathogen ligands that trigger resis- 
tance gene function. 
Nine disease resistance(R) genes, encoding resistance 
to a variety of both intercellular and extracellular patho- 
gens, have been cloned from Arabidopsis, flax, tobacco, 
tomato, and rice. Astoundingly, the proteins encoded 
share conserved features (Dangl, 1995; Staskawicz et al., 
1995). The Cf-9, Cf-4, and Cf-2 genes from tomato (Kim 
Hammond-Kosack from the Jonathan Jones lab, Sains- 
bury Laboratory, John lnnes Center; Jones et al., 1994) 
encode resistance to particular isolates of Cladosporium 
fulvum and consist of avariable number of putatively extra- 
cellular LRRs, a transmembrane domain, and ashort cyto- 
plasmic tail (recall that the LRR receptor kinase disease 
resistance gene Xa27 from rice, mentioned above, is a 
structural combination of a Cf-like molecule with a cyto- 
plasmic serinelthreonine kinase domain). The Cf proteins 
have differences in the number and nature of their constit- 
uent LRRs, and each triggers a different timeline of physio- 
logical responses (evolution of active oxygen, lipid peroxi- 
dation, salicylic acid accumulation, and cell death). Cf-9, 
at least, functions as a transgene in tobacco and potato, 
but the response of transgenic tobacco to the appropriate 
fungal trigger molecule includes cellular necrosis, spread- 
ing beyond the inoculation site. This suggests that addi- 
tional genes in tomato provide control functions lacking 
in tobacco and points to potential pitfalls in transfer of R 
genes from one species to another (see also below). 
Another structural class of R genes share nucleotide- 
binding sites and variable numbers of LRRs in more car- 
boxy1 portions of their predicted proteins. One subclass 
of these contain putative leucine zippers near the N-ter- 
mini (in RPSP and RPM7 from Arabidopsis, directed 
against P. syringae; Bent et al., 1994; Mindrinos et al., 
1994; Grant et al., 1995), while the other subclass has a 
domain with homology to the cytoplasmic signaling do- 
main of To// and the interleukin-2 receptor (in N from to- 
bacco, L6 from flax, and RPPS from Arabidopsis, directed 
against tobacco mosaic virus (TMV), flax rust, and Peron- 
ospora parasitica, respectively; Whitham et al., 1994; Law- 
rence et al., 1995; Jane Parker, Sainsbury Laboratory, 
John lnnes Center). Fumiaki Katagiri (from the Fred Ausu- 
bel lab, Massachusetts General Hospital, Boston) de- 
scribed detailed mutational analysis of RPS2 and demon- 
strated functional requirements for not only the conserved 
domains, but also a broader intolerance to mutation 
throughout the protein. This theme expands upon se- 
quence analysis of eight RPM7 loss-of-function alleles, 
which are scattered throughout the protein and not clus- 
tered (Jeff Dangl, University of North Carolina, Chapel Hill, 
in collaboration with Roger Innes, Indiana University, 
Bloomington; Grant et al., 1995) and from directed muta- 
genesis of the N protein (presented by S. P. Dinesh-Kumar 
from the Barbara Baker lab, United States Department of 
Agriculture, Plant Gene Expression Center, Albany, Cali- 
fornia). For N, nearly all single amino acid exchanges killed 
activity. One point mutation in the highly conserved P loop, 
however, led to an N allele that responded to TMV at the 
site of inoculation, but that also triggered systemic necro- 
ses. It is not yet known whether virus is also spreading in 
plants expressing this allele, which would suggest that the 
systemic necrosis reflects constant triggering of a weak 
N allele throughout the plant, or whether this allele is hy- 
peractive subsequent to TMV-dependent N triggering. In- 
appropriate expression of R gene function in heterologous 
plant species was also described by Kathy Swords (from 
the Brian Staskawicz lab, University of California, Berke- 
ley) who showed trigger-independent spreading necrosis 
upon transient expression of RPSP in tomato, the serine/ 
threonine kinase encoded by the tomato Pto R gene in 
one of three tested Nicotiana species, or the Pto-related 
Fen gene in all three Nicotiana species. 
The signals generated subsequent to R gene engage- 
ment are being analyzed in several ways. N also mediates 
TMV resistance in transgenic tomato, and this genetically 
tractable species provides a basis for isolation of mutants 
required for N function (Steve Whitham, Sheila McCor- 
mick, and Barbara Baker, United States Department of 
Agriculture, Plant Gene Expression Center). This ap- 
proach was exemplifed by Jane Parker(Sainsbury Labora- 
tory, John lnnes Center), who described mutants of a lo- 
cus, ED% (required for function of multiple R genes in 
Arabidopsis directed against various P. parasitica isolates) 
that was originally identified as a modifier of RPPS func- 
tion. Jeff Dangl (University of North Carolina) presented 
data demonstrating that the RPSP and RPM7 signal ma- 
chinery interact, leading under certain conditions to inter- 
ference with RPM7 function, even in the absence of the 
wild-type RPS2 product (Ritter and Dangl, 1996). These 
results suggest that multiple R genes can act in overlap- 
ping signal pathways. 
Plant defense reactions can include stimulus of Ca*+ 
and anion channels (Dierk Scheel, lnstitut ftir Pflanzenbio- 
chemie; see above). In addition, Chris Lamb (Salk Insti- 
tute) presented evidence implicating active oxygen spe- 
cies in signaling processes subsequent to pathogen 
recognition leading to cell death and transcriptional activa- 
tion of cellular protectant genes (Figure 3; Levine et al., 
1994). Their new data indicate that the cell death activated 
during the hypersensitive response has certain features in 
common with mammalian apoptosis. Lamb also presented 
evidence that salicylic acid (SA) can potentiate the effects 
of an oxidative burst. The idea that SA acts as a rheostat 
to monitor events subsequent to pathogen recognition is 
in line with results from other labs as well. 
This meeting aptly portrayed the state of the art in how 
plants perceive signals from a variety of external and inter- 
nal stimuli. Genetic, physiological, and molecular ap- 
proaches continue to probe how plants integrate these 
stimuli as they develop and reproduce. In addition to un- 
veiling fascinating basic knowledge, the future ability to 
improve the manipulation of crop production rests on re- 
search of this kind. 
We apologize lo those whose presentations could not be covered ow- 
ing to space restrictions and again thank the organizers, particularly 
Venkateqan Sundaresan, for arranging an exciting program, and the 
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many participants who corrected and enhanced an early version of 
this report. 
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